The longitudinal magnetic susceptibility of single crystals of the molecular magnet Mn12-acetate obeys a Curie-Weiss law, indicating a transition to a ferromagnetic phase due to dipolar interactions. With increasing magnetic field applied transverse to the easy axis, the transition temperature decreases considerably more rapidly than predicted by mean field theory to a T = 0 quantum critical point. Our results are consistent with an effective Hamiltonian for a random-field Ising ferromagnet in a transverse field, where the randomness is induced by an external field applied to Mn12-acetate crystals that are known to have an intrinsic distribution of locally tilted magnetic easy axes. [5, 6, 7, 8, 9, 10] .
The longitudinal magnetic susceptibility of single crystals of the molecular magnet Mn12-acetate obeys a Curie-Weiss law, indicating a transition to a ferromagnetic phase due to dipolar interactions. With increasing magnetic field applied transverse to the easy axis, the transition temperature decreases considerably more rapidly than predicted by mean field theory to a T = 0 quantum critical point. Our results are consistent with an effective Hamiltonian for a random-field Ising ferromagnet in a transverse field, where the randomness is induced by an external field applied to Mn12-acetate crystals that are known to have an intrinsic distribution of locally tilted magnetic easy axes. Dipolar interactions that can lead to long range ferromagnetic order have been explored extensively for decades, both theoretically [1] and experimentally [2] . Recent interest in dipolar ferromagnetism has focused on quantum systems, where quantum fluctuations of the spins compete with the dipolar long range order. Of particular interest are the rare earth LiHoF 4 [3] and similar Y-doped compounds, the only realizations to date of a random-field Ising ferromagnet (RFIFM) [4] . In these dipolar ferromagnets, a transverse field introduces spin quantum fluctuations and an approximately linear reduction of the ferromagnetic transition temperature down to absolute zero.
Finite temperature transitions to dipolar ferromagnetism have been demonstrated in several single molecule magnets (SMMs) [5, 6, 7, 8, 9, 10] .
In Mn 12 -acetate (henceforth abbreviated as Mn 12 -ac), the firstsynthesized and best-studied example of a SMM, a transition to dipolar ferromagnetism was inferred from neutron scattering experiments by Luis et al. [6] , and confirmed by Monte Carlo simulations [9] as well as calculations based on the Mean Field Approximation (MFA) [10] .
In this paper, we present measurements of the longitudinal magnetization and susceptibility of Mn 12 -ac that confirm the finite temperature transition. We report further that with increasing magnetic field applied transverse to the easy axis, the transition temperature decreases more rapidly than expected within mean field theory to a T = 0 K quantum critical point. Our results can be described by an effective Hamiltonian for a RFIFM in a transverse magnetic field, where the randomness derives from a natural distribution of discrete tilts of the molecular magnetic easy axis [11, 12, 13, 14] . Mn 12 -ac is a particularly clean model system for the study of RFIFM in which the intrinsic disorder is small, but where due to the nature of the disorder substantial randomness is induced in the longitudinal fields when a transverse field is applied. Our findings represent an important new realization of RFIFM in SMMs, a different class of materials that may serve as an important archetype for the study of dipolar ferromagnetism in quantum systems.
Mn 12 -ac has been modeled as an Ising dipolar system with a double-well potential. Each Mn 12 molecule behaves as a nanomagnet with spin S = 10 oriented along the crystallographic c axis due to strong anisotropy DS 2 z ≈ 60 K [15] . The spins crystallize in a body centered tetragonal lattice and the distance between them is sufficiently large that the intercluster exchange is negligible compared to the dipolar interaction. Hysteretic behavior due to slow relaxation is observed below a blocking temperature T B ≈ 3 K. The application of transverse magnetic field H ⊥ induces quantum tunneling between opposite spin orientations, accelerating the relaxation process towards thermal equilibrium. However, in transverse fields as high as 5 T used in our experiments, spin reversal by resonant quantum tunneling is extremely slow at low temperature, impeding a direct study of the ordered phase. Our approach is, therefore, to study the magnetic behavior above the transition temperature. Specifically, we measure the longitudinal magnetic susceptibility in the presence of H ⊥ , and deduce the nature of the magnetic interactions from the temperature dependence of the susceptibility.
Parallel studies were carried out on the normal . Data for sample B are shown for Mn 12 -ac; sample A displays the same qualitative behavior but has a lower zero transverse field transition temperature (0.5K) [18] . Sample preparation for Mn 12 -ac and Mn 12 -ac-MeOH systems is described in Refs. [19] and [17] , respectively. A miniature Hall sensor (active area of 50 × 50 µm 2 ) was used to measure the magnetization, M z , along the easy direction (c-axis) of the crystal. The sensor was placed near the edge of the sample, where the measured B x is a linear function of M z . Care was taken to align the sample and the Hall bar (placed in the y-z plane) relative to each other and relative to the magnet axes. The point labeled H z = 0 was determined by symmetry from full hysteresis loops taken between −1 and 1 T. Measurements were taken between 0.7 K and 5.5 K in a 3 He refrigerator with a 3D vector superconducting magnet. A longitudinal field, H z , was swept along the sample's easy axis at rates between 1 × 10 −5 T/s and 6.7 × 10 −3 T/s, in the presence of a constant transverse field H ⊥ (up to 5 T) applied in the y direction (see inset of Fig. 1 ).
The magnetization of Mn 12 -ac is shown in Fig. 1 for different transverse fields at T = 2.0 K and longitudinal field sweep rate of 6.7×10 −3 T/s. The magnetization exhibits hysteresis due to slow relaxation and the steps characteristic of resonant tunneling [15] . The hysteresis can be eliminated by applying a transverse field or by sweeping the longitudinal field sufficiently slowly. The effect of transverse field is clearly demonstrated in Fig. 1 : as the transverse field increases, relaxation processes are accelerated, the width of the hysteresis loops decreases, the steps disappear, and equilibrium is ultimately reached so that the magnetization exhibits reversible behavior.
The effect of reducing the sweep rate is demonstrated in the two insets of Fig. 2 which show the hysteresis loops obtained for three different sweep rates of longitudinal magnetic field in a narrow range ±0.01 T about H z = 0, measured in the presence of a constant transverse field H ⊥ = 2 T at T = 2.15 K and T = 2.40 K. In each case, hysteresis is observed at the faster sweep rate indicating that the system is below the blocking temperature; at the slower sweep rate the hysteresis loop is closed, indicating the system is above the blocking temperature. From these and similar data we deduce the field dependence of T B , as summarized in Fig. 2 for three different longitudinal-field sweep rates. T B was estimated by taking the average of the two temperatures where the loops were found to be open and closed at a given sweep rate (see insets to Fig. 2) .
The blocking temperature T B decreases linearly with H ⊥ , in contrast with single domain uniaxial magnetic particles -the classical version of Mn 12 -where a more moderate decrease is expected of the form T B ∝ (1 − h) 2 , h = H/H K (here H is the external field and H K is the anisotropy field [20] ). The faster decrease of T B in the SMMs suggests that equilibrium is reached more rapidly due to quantum tunneling [20] .
The longitudinal magnetic susceptibility, χ ≡ ∂M z /∂H z | Hz=0 , was deduced from the slope of the reversible M z versus H z at H z = 0. Figure 3 shows the inverse of the longitudinal susceptibility as a function of temperature for various transverse fields between zero and 5 T. Except for the high-field data at low temperatures, the susceptibility obeys a Curie-Weiss law, χ ∝ (T − θ) −1 , as demonstrated by the straight lines in the figure. As shown by Garanin [21] , the upturn in high transverse field at low temperatures can be attributed to the fact that the tunnel splitting, ∆, becomes larger than kT and, consequently, the susceptibility reflects the quantum state rather than being determined by the temperature. The temperature intercept θ deduced for sample B shown in Fig. 3 The most interesting observation reported in this article is the unexpectedly strong dependence of the transition temperature on transverse field in Mn 12 -ac. Quantum tunneling of the magnetization in SMMs such as Mn 12 -ac is characterized to lowest order by the spin Hamiltonian H = −DS 2 z − gµ B S · H, where the first term is the uniaxial anisotropy and the second is the Zeeman energy. In zero magnetic field, the up and down states have the same energy. A magnetic field transverse to the anisotropy axis lifts this degeneracy by an energy ∆, the tunnel splitting, leading to quantum mechanical mixing of the Ising up and down spin states at each Mn 12 site. This introduces channels for quantum relaxation, thereby inducing a decrease in T c . Such a decrease in T c was observed as a function of transverse field in the rare earth compound LiHo x Y 1−x F 4 [3] . In the undoped material (x = 1), T c is found to decrease as (1 − H 2 ⊥ ), consistent with calculations based on MFA. However, the material doped with Y (x = 0.44) exhibits behavior similar to the observation reported here, namely an approximately linear decrease of T c with H ⊥ . This behavior was attributed to random-field Ising ferromagnetism (RFIFM), where the random longitudinal fields generated by H ⊥ [4, 22] derive from disorder deliberately introduced by dilution. In contrast with LiHo x Y 1−x F 4 , there are no intentional vacancies in Mn 12 -ac. We propose that Mn 12 -ac provides a clean model system exhibiting RFIFM where a longitudinal random field is generated by the transverse field due to the presence of a small amount of intrinsic lattice disorder that is absent in Mn 12 -ac-MeOH.
Disorder in Mn 12 -ac lattice derives from (1) the admixture of a spin-10 faster-relaxing species (at the level of roughly 5 %) and (2) as shown in magnetic and EPR studies, the rhombic distortions induced by solvent disorder which results in a distribution of discrete tilts of the molecular magnetic easy axis from the global (average) easy axis of a crystal [11, 12, 13, 14] . Neither of these alters the dipolar interactions in a significant way. However, although the small molecular easy-axis tilts (≈ ±1
• ) induce only a minor perturbation in the dipolar interaction in the absence of field, external transverse fields have projections along (the randomly distributed) easy axes that are comparable in magnitude with the dipolar field itself (≈ 50 mT at saturation (see Ref. [23] ). The application of a transverse field thereby generates substantial randomness in the longitudinal field which depresses T c . The different behavior we find for Mn 12 -ac, which has a distribution of tilt axes due to isomer disorder, and Mn 12 -ac-MeOH, which has none, is strong evidence that the unusual behavior of the former is indeed due to random fields.
Our observations in Mn 12 -ac can be described by an effective Hamiltonian for interacting Ising spins in a disordered magnet in the presence of transverse field similar to that used by Schechter [24] to account for the behavior of the diluted LiHoF 4 system:
Here S i is the spin at site i, J ij is the dipolar interaction between two spins, Γ is the effective transverse field (approximately proportional to the tunnel splitting ∆), and γ i is the effective random field at site i. The effective random field increases approximately linearly with field while Γ increases exponentially; in Mn 12 -ac Γ is initially very small and becomes comparable to γ i at about 6 T. In the case of Mn 12 -ac-MeOH, the randomness is negligible and the behavior of T c is controlled by Γ, which is quite small in most of the field range of our experiment. Hence, T c varies slowly with H ⊥ at low fields as shown in the inset of Fig. 4 . By contrast, in Mn 12 -ac it is the effective random field, γ i , that dominates the behavior at low fields, inducing the rapid decrease of T c (H ⊥ ) shown in the main panel of the figure. We note again that Mn 12 -ac provides a clean model system for RFIFM where the relatively small amount of intrinsic disorder introduces only minor deviations from the behavior of the "perfect" system in the absence of external field. In contrast with the LiHo x Y 1−x F 4 system, where effective transverse fields deriving from off-diagonal terms of the dipolar interaction are introduced by dilution, such terms are excluded by symmetry in Mn 12 -ac.
Confirming the findings of Luis et al. [7] based on neutron scattering measurements, Mn 12 -ac exhibits a transition to dipolar ferromagnetism at low temperature. On the other hand, it is puzzling that they found a very different dependence of T c on transverse field. We note that there is uncertainty in their determination of T c from neutron scattering measurements in transverse fields up to 5 T at temperatures below 0.8 K due to the long time scales required to reach equilibrium (see our Fig. 2 ).
To summarize, based on measurements of magnetic susceptibility and magnetization, we report that the prototypical single molecule magnet Mn 12 -ac is a new archetype of random-field Ising ferromagnetism in transverse field. In this system, although the intrinsic randomness in the interaction is small, it is sufficient for an externally applied transverse magnetic field to generate a significant random field in the longitudinal direction. The transverse field reduces T c in two ways: It introduces channels for quantum relaxation for each of the molecules, thereby inducing spin disorder, and it induces fluctuations in the longitudinal dipolar field that are comparable with the intrinsic dipolar interactions themselves, thereby further depressing the ordering temperature. These factors give rise to a dependence of T c on H ⊥ that is inconsistent with that expected from mean field theory. With increasing transverse field, the transition temperature decreases considerably more rapidly than predicted by mean field theory to a T = 0 quantum critical point. The critical fluctuations and the behavior approaching the quantum critical point will be discussed elsewhere.
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